ABSTRACT A detailed electron spin resonance (ESR) study of mixtures of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and phosphatidylserine (POPS) in oriented multilayers in the liquid crystalline phase is reported with the purpose of characterizing the effects of headgroup mixing on the structural and dynamical properties of the acyl chains. These studies were performed over a range of blends of POPC and POPS and temperatures, utilizing the spin-labeled lipids 16-phosphatidylcholine and 5-phosphatidylcholine as well as cholestane (CSL). The ESR spectra were analyzed by nonlinear least-squares fitting using detailed spectral simulations. Whereas CSL shows almost no variation in ordering and rotational dynamics versus mole fraction POPS, (i.e. xp,), and 5-PC shows small effects, the weakly ordered end-chain labeled 16-PC shows large relative effects, such that the orientational order parameter, S is at a minimum for xps = 0.5 where it is about one-third the value observed for xps = 0 and 1. This is directly reflected in the ESR spectrum as a substantial variation in the hyperfine splitting with xps. The least-squares analysis also shows a reduction in rotational diffusion coefficient, RL by a factor of 2 for xps = 0.5 and permits the estimation of S2, the ordering parameter representing deviations from cylindrically symmetric alignment. These results are contrasted with 2H NMR studies which were insensitive to effects of mixing headgroups on the acyl chains. The ESR results are consistent with a somewhat increased disorder in the end-chain region as well as a small amount of chain tilting upon mixing POPC and POPS. They demonstrate the high sensitivity of ESR to subtle effects in chain ordering and dynamics.
INTRODUCTION
Although much information is accumulating on the structure, conformation, and dynamics in the lipid hydrocarbon chain region, less is known about the interactions between different head-groups and how they influence the acyl chain conformation and dynamics. An understanding of the effects of interactions between different head-groups on the structure and dynamics of the hydrocarbon chain region is essential for interpreting how membrane proteins or peptides affect the structure and dynamics of mixed lipid membranes (Devaux et al., 1986; Roux et al., 1989; Dempsey et al., 1989) . It is also important to better understand the nonideal mixing of different lipid species (Swanson and Feigenson, 1990; Huang et al., 1993) and the phase structure of mixed membranes.
Diacylphosphatidylcholines and diacylphosphatidylserines are two lipid species commonly found in biological membranes. They are found to form homogeneous solutions at all compositions in the liquid crystal phase, that are, in general nonideal (Swanson and Feigenson, 1990; Huang et al., 1993) . 2H and 31P NMR studies have shown that although the interactions between negatively charged phosphatidylserine (PS) head-groups and the interactions between zwitterionic phosphatidylcholine (PC) head-groups are quite different, the order parameter profiles of the acyl chain in these two lipids are quite similar (Browning and Seelig, 1980) . It is known that the conformation of the dimyristoylphosphatidylcholine (DMPC) head-group is changed when dimyristoylphosphatidylserine (DMPS) is incorporated (Roux et al., 1989; Christopher et al. 1989 ). Also, the strong interactions between the DMPS head-groups due to intermolecular electrostatic forces or to hydrogen bonding is removed by dilution with DMPC (Browning and Seelig, 1980) . Nevertheless, the 2H NMR spectra of DMPC-d54 (i.e., fully deuterated acyl chains) in pure DMPC and in DMPC/DMPS mixtures are indistinguishable (Devaux et al., 1986) .
Our previous studies in this laboratory have shown that the ESR spectra from spin labels dissolved in macroscopically oriented lipid bilayers, either pure or containing cholesterol or a membrane peptide, such as gramicidin A', are very sensitive to the ordering of the acyl chain (Kar et al., 1985; Freed, 1984, 1985; Shin and Freed, 1989a, 1989b ; Shin et al., 1993) . Given this sensitivity, a worthy goal would be to determine whether the effect of the interactions between different head-groups on the ordering and dynamics of the hydrocarbon chains in mixed lipid bilayers was amenable to study by these methods. In this paper, we report on the results of an ESR study of POPC/POPS (the 1-palmitoyl-2-oleoyl forms of PC and PS), in which the rotational diffusion rates and order parameters of the hydrocarbon chains were studied. We utilized the spin probes 5-PC, in which the nitroxide moiety is near the head-group, 16-PC, with the label close to the end of the chain, and cholestane (CSL), a rigid cholesterol-like molecule that senses the overall chain behavior (Kar et al., 1985; Tanaka and Freed, 1984; Shin and Freed, 1989a, 1989b Shin (1990) . The detailed procedure of sample alignment by pressure annealing is given by Shin (1990) and Shin and Freed (1989a,b) . However, the annealing temperature utilized was increased with the concentration of POPS to maintain it above the main transition temperature. That is, annealing was performed at 200C for pure POPC and at 350C for pure POPS with intermediate values used for the mixtures.
ESR spectroscopy and simulations
Immediately after the samples were aligned, ESR spectra were taken at several temperatures in the liquid crystal phase with a Bruker ER 200 ESR spectrometer equipped with a Varian temperature control unit. At each temperature, spectra were obtained for T = 00 and T = 900, where T is the tilt angle of the normal membrane plane with the direction of the DC magnetic field.
The ESR spectra obtained for T = 00 and T = 900 at a given temperature were fit simultaneously using the nonlinear least-squares methods developed in this laboratory (Crepeau et al., 1987; Shin and Freed, 1989a) in order to obtain the rotational diffusion constants RI and RI,, which are the principal components of the rotational diffusion tensor and the dimensionless ordering potential coefficients e' and E2 from which the order parameters S and 52 may be calculated (Schneider and Freed, 1989) . These ordering terms are defined as follows. First, the orientational distribution of the spin-labeled molecules is determined by a potential U(fl), which may be expanded in a series of Wigner rotational matrix elements, D K as:
(1) -U(fl)/kT = 2EkEDOK(Dfl), OK where fi = (a, 3, y) are the Euler angles specifying the orientation of the principal axes of molecular diffusion and ordering with respect to the mean ordering axis of the membranes. Also, k is Boltzmann's constant and T is the temperature. The most commonly used order parameter, S is defined by:
and the order parameterS2 = (D 2 + D 2) is defined in a similar manner.
The 52 parameter represents the deviation from cylindrical symmetry of the molecular alignment relative to the main alignment axis.
The magnetic parameters used for 5-PC and 16-PC were g. = 2.0089, gy = 2.0058, gz = 2.0021, and Ax = Ay = 4.9 G, Az = 33.0 G (Tanaka and Freed, 1984) . For CSL, the g tensor components were the same as that for 5-PC and 16-PC, and the A tensor components used were: Ax = Ay = 5.0 G. Az = 33.8 G (Tanaka and Freed, 1984) .
The spectral fitting procedure for the 5-PC spin probe was somewhat different from that for either CSL or 16-PC. The combined data for T = 00 and T = 90°could not be fit without introducing a significant diffusion tilt angle, 1d. It is the angle between the magnetic z axis of the molecule, i.e., the axis of the nitrogen p-orbital of the nitroxide moiety and the main axis of a lipid chain in the all-trans configuration. A value of Id = 30.80 was obtained after individual best fits were averaged. The value of 1d for a doxyl nitroxide moiety attached to a kink is 340 (Ge and Freed, 1993 splitting is a sensitive function of xps, as we show in Fig. 2 for three temperatures. In Fig. 3 (POPC) is added to the pure POPC (POPS) (by as much as a factor of 1.5-2.0) followed by a small decrease for the 1:1 mixture.
In general, we note that R1 increases with increasing S for the labeled lipids. The fact that small increases in S can enhance the rotational mobility of the lipid chains has been noted previously (Shin et al. 1993) . One must consider the complex internal modes of motion of the chain, as well as the overall molecular reorientation in any interpretation of RI (Ferrarini et al., 1989 ). An enhanced ordering probably enables the internal modes to be less encumbered by the neighboring lipid molecules. The reduced order parameter and RI experienced by 16-PC for the 1:1 mixtures most likely indicates increased disorder at the ends of the lipid chains which interferes with the internal modes of motion that dominate the reorientation of the end chain.
We are not aware of any previous study that showed as significant a change in the ordering and dynamics of the from our results that the admixture of the PS and PC headgroups leads to structural changes that modestly enhance packing in the upper chain region near the head-group but these slight constraints must be such as to induce larger effects lower down the chains. We do not envision an increased free volume there, especially as R1 is observed to decrease in the mixture. The precise nature of the head-group interactions that lead to such effects on the hydrocarbon chains is not so obvious.
There have been several NMR studies with 2H labels on the PS and PC head-groups in PS/PC mixtures as noted in the Introduction (Browning and Seelig, 1980; Seelig et al., 1987; Roux et al., 1989; Dempsey et al., 1989) . First of all we note that NMR studies have shown that pure DPPC and DPPS have the same average conformation of the glycerol moiety and their hydrocarbon chains have the same order profile. Our ESR result that the ordering of each of the probes 16-PC, 5-PC, and CSL are very similar in pure POPC and POPS is consistent with this, although we see a slightly higher ordering in pure POPS relative to pure POPC.
The 2H NMR studies of DMPC/DMPS mixtures show that the PC head-group does change its average orientation upon addition of PS in a manner that is described as a rotation of the head-groups relative to the bilayer interface. Thus, the NMR results are not consistent with a general disordering of the head-group. Significant effects on the PS head-group are also found to arise from addition of PC, although no specific models for the conformational change were developed for this case. Browning and Seelig (1980) do, however, conclude that there are strong intermolecular interactions between PS head-groups, and that these interactions are suppressed by addition of PC. Moreover, Dempsey et al. (1989) find that the effects of PC on the PS head-group are maximal in 1:1 mixtures of DMPC and DMPS. Further dilution of DMPS with DMPC has little effect on the DMPS head-group quadrupolar splittings. Thus there appears to be a saturating effect.
Our ESR results from 16-PC are consistent with a maximum effect at 1:1 mixtures of POPC and POPS. We do see an end-chain effect that is maximized for this composition (cf. Fig. 3 ). Given the sharply reduced values of S for the 1:1 mixtures, one might expect that effects which are maximal at this composition, such as the suppression of interactions between PS head-groups, or alternatively the twisting of PC head-groups, are also disordering the end-chains. However, further insight is provided by the additional order parameter, S2' which represents the deviation from cylindrical symmetry of the molecular alignment, which we were able to obtain by ESR. The values of S2 given in Tables 1, 2 , and 3 are seen to have somewhat more scatter than those of S. (Note that S is closely associated with the accurately measured hf splittings (cf. Fig. 2 ), whereas the discrimination between S and S2 required the full line shape analysis that yields the main chain axis, which is the principal axis of alignment, in the molecular axis system defined by the magnetic tensor of the nitroxide moiety. That is the molecular x, y, and z axes are defined relative to the doxyl ring (Schneider and Freed, 1989) . The x axis is along the N-O bond, the z axis is along the 2p orbital of the nitrogen, and the y axis is perpendicular to the other two. In an all-trans stearoyl chain the molecular z axis lies parallel to the main chain axis, and they axis points from the labeled chain to the other chain of the sn-2 pair (Kar et al., 1985) .
We seek the aligning potential associated with the magnetic x, y, and z axes relative to the main chain axis, z'. Given the simplicity of the two parameter potential of Eq. 3 one finds that the potential minimum must always lie along one of these principal axes. More sophisticated potential functions with more terms in the expansion of Eq. 1 could also include a potential minimum tilted relative to these axes. Our analysis is necessarily limited by the limited experimental resolution which permitted only an estimate of the two leading terms in the expansion as an approximation to Eq. 1. Nevertheless we can hope to get somewhat better insight than from a single potential parameter, E' (or alternatively just S).
One finds from the data of Table 1 that u(O, 4) is at a minimum for z 1 1 z' for all values of xps (and temperatures) making it the preferred orientation, as we expect. Similarly, the x IIz' orientation always has the maximum value of u(0, 4), making it the least preferred orientation, and the value for yIIz' is intermediate. Thus a dynamic bending of the endchain would favor tilting the y axis to be more parallel to z' than the x axis. For xps = 0 and 1 the values of u along each of the three axes are nearly identical (e.g., for 43°C, u, = -0.66 (-0.68), uX = 1.1(0.9), and uY = 0.33(0.34) for XPS = 0(1)). But for xps = 0.5 there is a small but significant change (e.g., for 43°C u, = -0.32, uX = 1.1, and uY = 0.16), which corresponds to a reduced alignment of the z axis relative toz' but slightly enhanced alignment of they axis relative to z' and no change for the x axis. This limited analysis indicates that the significant effects sensed by 16-PC are due, at least in part, to a small orientation change, but is there increased disorder at the end of the chain? We shall use as a criterion for this: Au um -umin9 i.e., the difference between the maximum and minimum values of u. One finds Au = 1.76, 1.42, and 1.58 for xps = 0, 0. studied the 1-palmitoyl-2-oleoyl chains with an unsaturated bond on the oleoyl chain, whereas in the NMR work lipids with dimyristoyl chains were used. The extra tilt of the oleoyl chain could possibly enhance any effects of headgroup on the chains. Secondly, we cannot rule out that the doxyl ring, with its added bulk to the end-chain, is necessarily more affected than an unlabeled chain. However, even if that were the case, it would necessarily be amplifying an effect that was already present in the bilayer.
In addition, we would like to point out that estimates of E2 and S2 could, in principle, be improved by accurate measurements of the g-shifts in the spectrum, but at conventional ESR frequencies (9.5 GHz) and fields (3.3 kG) they are small, especially for weakly ordered 16-PC (Lin and Freed, 1979) . The advent of high-frequency, high-field ESR (e.g., 250 GHz and 90 kG) has made the measurement of g values much more accurate (Budil et al., 1989 Earle et al., 1994) ; moreover, some of the internal chain motions that lead to spectral averaging at conventional ESR frequencies may appear slow-motional at high frequency. These features should permit much more subtle orientational alignment effects to be discerned by high-frequency ESR.
Additionally, well-resolved 2H NMR results (e.g., from macroscopically aligned and/or selectively deuterated samples) could complement the ESR data on ordering. The ESR hf tensor is nearly cylindrically symmetric along the molecular z axis, which is parallel to the main chain axis, z', for an all-trans chain, as noted above. The 2H NMR quadrupole coupling tensor is cylindrically symmetric about the C-D bond, which is oriented perpendicular to z'. Thus 2H NMR would be useful for estimates of E2 and S2 in conjunction with the ESR measurements. However, one must be careful of the fact that ESR order parameters result from motional averaging on a significantly shorter timescale than those from NMR, which would tend to make the ESR values larger. But for relatively rapid end-chain motions, this is probably not important at X-band frequencies (Tanaka and Freed, 1984) .
In summary, we note that ESR spin-label studies utilizing well-aligned multilayers are very sensitive to even subtle changes in the hydrocarbon chain ordering and dynamics. In particular, we find that, whereas the overall ordering and fluidity in the chain region monitored by CSL does not appear to be affected by mixing POPC and POPS, the end-chain monitored by 16-PC shows significant relative effects which appear to imply some reduction in ordering, a possible enhanced tilting of the end-chain, and reduced rate of rotational diffusion upon mixing POPC and POPS.
